The early developments of brain positron emission tomography (PET), including the methodological advances that have driven progress, are outlined. The considerable past achievements of brain PET have been summarized in collaboration with contributing experts in specific clinical applications including cerebrovascular disease, movement disorders, dementia, epilepsy, schizophrenia, addiction, depression and anxiety, brain tumors, drug development, and the normal healthy brain. Despite a history of improving methodology and considerable achievements, brain PET research activity is not growing and appears to have diminished. Assessments of the reasons for decline are presented and strategies proposed for reinvigorating brain PET research. Central to this is widening the access to advanced PET procedures through the introduction of lower cost cyclotron and radiochemistry technologies. The support and expertize of the existing major PET centers, and the recruitment of new biologists, bio-mathematicians and chemists to the field would be important for such a revival. New future applications need to be identified, the scope of targets imaged broadened, and the developed expertize exploited in other areas of medical research. Such reinvigoration of the field would enable PET to continue making significant contributions to advance the understanding of the normal and diseased brain and support the development of advanced treatments.
Introduction
A projection of the future applications of brain positron emission tomography (PET) requires us to address the growing concern that the field is currently not realizing its full potential in the quest to derive new information on the human brain in health and disease. To consider this objectively, we have reviewed the development and achievements of brain PET to date, to identify the impact the speciality has had in changing previous consensus and generating new understanding. Based on the foundation of this assessment the future direction of brain PET is projected.
The Development of Brain Positron Emission Tomography
Pre-Positron Emission Tomography Applications of Positron Emitting Radionuclides to Study Regional Brain Function
One of the first positron emitting radionuclides used for brain imaging was Arsenic-74 ( 74 As), which has a long radioactive half-life of 17.8 days. Its leakage across the disrupted blood-brain barrier (BBB) was used for brain tumor delineation by Brownell and Sweet (1953) in Boston, USA, who detected the emitted positrons using a pair of coincident radiation detectors. Ter-Pogossian and Powers (1957) in St Louis, Missouri, reported the first biological application of oxygen-15 involving the administration of molecular oxygen-15 ( 15 O 2 ) by inhalation to a tumor bearing rat. After this, the animal was killed and autoradiographs of the tumor were recorded. The first application of oxygen-15 for measuring the regional oxygen extraction and perfusion of the human brain was also pioneered by the St Louis group. Initially in 1967, Ter-Pogossian and others administered the tracer as a single breath and followed the head time course with a pair of detectors (Ter-Pogossian et al, 1969) . Their first attempt using a noninvasive approach produced time course data that was difficult to interpret (Ter-Pogossian and Herscovitch, 1985) . As a result, they resorted to intracarotid artery injections of bolus 15 O 2 -labeled red blood cells and oxygen-15-labeled water (H 2 15 O), to record the first pass extraction of oxygen and perfusion, respectively. From these data, they were able to derive absolute values of regional cerebral oxygen utilization, in milliliters of oxygen per 100 mL of tissue per minute (mL/100 mL per minute), and perfusion, in milliliters of blood per 100 mL of tissue per minute (mL/100 mL per minute) (Ter-Pogossian et al, 1970) . A less invasive method based on the continuous inhalation of 15 O 2 , designed to make imaging more practical, was subsequently developed by Jones et al (1976) . This method created a 'steady-state' distribution of radioactivity in the brain, dependent on perfusion and oxygen extraction as well as the radioactive decay of the radionuclide. When complemented by the continuous inhalation of carbon dioxide labeled with oxygen-15 ([ 15 O]CO 2 ), which results in a continuous arterial supply of [ 15 O]H 2 O, it was possible to distinguish between the regional cerebral oxygen extraction and perfusion. The oxygen-15 steady-state method was demonstrated using the newly developed Boston positron camera (Burnham and Brownell, 1972) to record the first images of human brain metabolism in 1973 ( Figure 1 ; Jones et al, 1976) . In the mid 1970s, the steady-state method was used for qualitative imaging with the Anger gamma camera, to study various clinical conditions including stroke , brain tumors , cerebral lupus erythematosus (Pinching et al, 1978) , and Parkinson's disease (PD) (Lenzi et al, 1979) . The Anger camera was also used as a novel pharmacokinetic tool, pioneered by French researchers Comar, Maziere, Raynaud, and others in Orsay, who imaged the distribution of three 11 C-labeled psychotropic drugs in the human brain (Raynaud et al, 1974) . For this, they used the methyl iodide method for labeling with carbon-11, a method first developed in their institute (Marazano et al, 1977) . These early imaging studies produced intense excitement, as it became apparent that molecular processes could be imaged relatively noninvasively in the living human brain.
The Introduction of Brain Positron Emission Tomography
The development of PET instrumentation in the 1970s, particularly through work in Boston (Burnham and Brownell, 1972; Chesler, 1973) and in St Louis Ter-Pogossian et al, 1975) , has enabled the three-dimensional quantification of tissue radioactivity . A major stimulus to advance brain PET was the adaptation of the ex-vivo 2-deoxy-glucose technique pioneered by Sokoloff et al (1977) by labeling fluorodeoxyglucose with fluorine-18 ([ 18 F]FDG) (Ido et al, 1978) .
[ 18 F]FDG was first used in 1976 to image regional cerebral glucose metabolism in humans using single photon emission computerized tomography (SPECT; Alavi and Reivich, 2002; Kuhl et al, 1976) . Soon after, Phelps et al (1979) used the quantitative capability of one of the first commercial positron emission tomographs to show both the quality of the brain metabolic images that could be produced and the opportunity to measure absolute regional cerebral glucose utilization rate (in mg/g per minute). Quantitative application of the steadystate oxygen-15 method to PET cameras quickly followed, allowing the determination of the regional cerebral metabolic rate for oxygen metabolism (CMRO 2 ) in milliliters of oxygen per gram of tissue per minute (mL/g per minute) and cerebral blood flow (CBF) in milliliters of blood per gram of tissue per minute (mL/g per minute) (Baron et al, 1979; Frackowiak et al, 1980) . Quantitative imaging of Figure 1 (A) The first reported image of regional human brain metabolism in 1973 (Jones et al, 1976) . This was recorded as a lateral view using the Massachusetts General Hospital positron camera (Burnham and Brownell, 1972) to image the steadystate distribution of radioactivity while continuously inhaling 15 O 2 as a tracer of oxygen utilization. Also shown is the steadystate distribution of radioactivity while continuously inhaling C 15 O to label red cells and hence delineate the cerebral vascular volume. (B) Anterior-posterior view of the steady distribution of radioactivity while continuously inhaling 15 O 2. The camera data have been focused on four equally spaced vertical planes.
regional cerebral metabolism and perfusion that involved a further correction for intravascular oxygen-15 (Lammertsma and Jones, 1983 ) produced a wide range of novel, stimulating information on the human brain in health and disease. The introduction of more sensitive and longer axial surveying tomographs also allowed the use of dynamic methods to measure CMRO 2 and CBF (Mintun et al, 1984) .
Imaging Molecular Markers with Brain Positron Emission Tomography
The late 1970s and early 1980s saw a rapid increase in the development of tracers for brain PET. Key brain PET radiotracers and ligands that have been used for human studies are given in chronological order in Table 1 . Imaging of regional amino-acid metabolism in brain tumors was performed using Table 1 Principal radiotracers used for human brain PET studies to date Radiotracer [ 11 C]methionine (Bergstrom et al, 1983) as well as 11 C-labeled unnatural amino acids (Hubner et al, 1981) . The uptake and retention kinetics of bischloroethylnitrosourea (BCNU/carmustine), a drug targeting brain tumors, was assessed using a [ 11 C]radiolabeled version (Diksic et al, 1984) . In 1983, major methodological advances were made in imaging neurotransmitter function. First, a group at McMaster University, Canada showed the ability to measure the kinetics of [ 18 F]-labeled-6-fluoro-L-DOPA ([ 18 F]F-DOPA), a dopamine synthesis pathway analog (Garnett et al, 1983 ). In the same year, researchers at The Johns Hopkins Hospital showed the ability to image neuronal receptors using [ 11 C]labeled methyl-spiperone, a ligand for the dopamine type-2/serotonin type-2 (D 2 /5-HT2) receptors (Wagner et al, 1983) . This study represented a major methodological advance, as previously there was concern that the specific activity of the tracer, i.e., the ratio of labeled-to-unlabeled drug, would not be sufficient to provide an adequate signal-to-noise ratio to quantify targets with low tissue concentration, such as neuroreceptors, while satisfying tracer conditions (ensuring tracer concentrations in tissue result in < 5% occupancy of the target). This demonstration provided important confidence for further neuroreceptor ligand development during the mid to late 1980s. [ 11 C]raclopride, a more selective D 2 receptor ligand with more favorable kinetics than methyl-spiperone, was developed by workers at the Karolinska Institute in Sweden, allowing for superior quantification of the D 2 receptor. Soon after, ligands were introduced for a range of neuroreceptors, including [ 11 C]Schering-23390 for the dopamine type-1 (D 1 ) receptor; [ 11 C]nomifensine for the dopamine transporter (DAT); [ 11 C]flumazenil (FMZ) for the central benzodiazepine receptor; [ 11 C]deprenyl for monoamine oxidase type-B (MAO-B) enzyme; [ 11 C]PK-11195 for the peripheral benzodiazepine receptor (now known as the 18-kDa translocator protein-TSPO); [ 11 C]diprenorphine, a nonselective opiate receptor antagonist; and [ 11 C]carfentanil, a selective m-opioid receptor agonist. This explosion was enabled by the development of a wide repertoire of techniques for rapidly labeling molecules with carbon-11 with high specific activity. In parallel, applications of PET for imaging the heart and tumors were being developed. Progressing into the 1990s, higher affinity and more selective PET imaging agents were introduced for novel targets in the serotonin system: [ 11 C]DTBZ for the vesicular monoamine transporter type 2; and [ 18 F]MK-9470 for the cannabinoid-1 receptor. From 2000 onwards, the range of ligands for the monoamine systems has expanded further and tracers for novel targets such as 11 C-labeled Pittsburgh compound-B ([ 11 C]PiB) for b-amyloid, [ 11 C]methyl reboxetine (MRB) for the norepinephrine transporter (NET), [ 11 C]PBR28 a second generation TSPO ligand, and [ 11 C]verapamil, a P-glycoprotein (P-gp) substrate were developed. More recently, advances have also been made in the measurement of regional cerebral protein syntheses using tracers such as [ 11 C]leucine (Barrio et al, 1983; Tomasi et al, 2009 ). In addition, PET evaluation of biodistribution, brain penetration, and tissue pharmacokinetics of radiolabeled novel drugs have become valuable tools in drug development. Although not comprehensive, the PET radiotracers summarized here and in Table 1 illustrate the considerable and expanding range of imaging molecules that have been established for biochemical and physiological systems within the brain.
Positron Emission Tomography Camera Technology
Improvements in axial and transaxial spatial resolutions were achieved by using smaller detector elements and extending the detector array axially thereby increasing the range of axial survey. The development of the block detector array, which shared the light emitted from groups of scintillating crystals between just four photomultipliers, allowed for practical readout from individual small sensors to advance transaxial and axial spatial resolution and for recording multiple transaxial planes (Casey and Nutt, 1986) . Together, these developments improved the ability to record kinetic data, as well as enhancing sensitivity and allowing data to be collected in 3D (The theory and practice of 3D PET, 1998). A reduction of dead time, the registration of random and scattered coincidences, and realization of higher spatial resolution were achieved by using scintillation detectors with improved light output characteristics. Lutetium oxy orthosilicate (Melcher and Schweitzer, 1992) became the principal detector material of choice, used today in high performance PET cameras for the brain (Wienhard et al, 2002) , body (Kadrmas et al, 2009) , and small animals (Cherry et al, 1996) .
Positron Emission Tomography Data Processing and Analysis
Significant advances have been made in PET data processing by reducing the noise in the reconstructed image through iterative (Lange and Carson, 1984) , 3D (The theory and practice of 3D PET, 1998), and 4D reconstructions (Reader et al, 2006) , and by incorporating the tomograph's spatial resolution response (Sureau et al, 2008) . While providing improved contrast for small objects and regions with low counting statistics, such reconstructions result in bias Brain PET: development, past, and future compared with the 'gold-standard' filtered back projection method. Hence, the balance between bias and variability has to be carefully considered in relation to the study aims when choosing a reconstruction method. Quantification of tracer concentrations within small structures that are subject to partial volume effects has been improved by corrective procedures, which use accurate anatomical information from coregistered magnetic resonance imaging (MRI) scans (Muller-Gartner et al, 1992) .
The quantitative and specific nature of PETderived data enables its principal utility to derive meaningful biological parameters, such as the density or affinity of a molecular target, or the rate of transport through a molecular pathway. The method most trusted to derive such parameters is an appropriate compartmental model, incorporating a combination of PET camera-derived dynamic tissue data with an input function derived from metabolite corrected arterial plasma data (Carson, 2003; Cunningham et al, 2005) . Data-driven methods, such as spectral analysis and methods to reduce noise like signal averaging and cluster analysis (Ashburner et al, 1996) along with the use of basis functions (Gunn et al, 1997) and wavelet analysis (Turkheimer et al, 2000) and other denoising processing (Christian et al, 2010) , have complemented classical compartmental models. They have provided increased utility in the analysis of data from ligands and tissues with complex kinetics. Analysis of regional differences in outcome parameters has been powerfully enhanced by voxelbased statistical parametric mapping, which was introduced to analyze PET-derived CBF images (Friston et al, 1994 ) and extended to ligand binding studies and functional MRI (fMRI) activation data.
Implementing optimal quantification is resource intensive and requires the infrastructure and necessary skills to collect and analyze arterial blood samples during the course of the PET scan, restricting its use to relatively few centers. This has led to the development of alternative, simplified quantification methods, which can have valuable use in some cases. For example, the simplified reference tissue model that uses radioactivity measured in a reference region as a substitute input function, overcoming the need for arterial blood samples (Lammertsma and Hume, 1996) . However, simplified quantification methods contain inherent assumptions, and for each new PET tracer an explicit demonstration of the validity of these assumptions must be performed by a comparison against 'gold-standard' measures based on metabolite corrected arterial input models.
The Achievements of Brain Positron Emission Tomography
The unique information produced by brain PET research is substantial and includes important findings that led to changes of standard concepts. Initial reports focused on quantitative measurements of brain metabolism and blood flow. As new methodologies have developed, the focus shifted to the measurement of specific targets, especially receptors and enzymes. Applications developed to study normal and pathological brain processes have been extended to support drug development and more recently to clinical health care. In association with leading exponents of brain PET (see acknowledgements), the key achievements of brain PET in major clinical areas are outlined, focusing on the new information derived, the impact the information has made, and the changes that have been brought about in concepts of neuroscience.
Cerebrovascular Disease
The historical perspective and impact of brain oxygen-15 PET studies have recently been reviewed (Baron and Jones, 2011) . Quantitative mapping of the supply and utilization of oxygen within the brain, and hence the balance between the two, the oxygen extraction fraction (OEF), has been studied in patients with recurrent cerebral ischemic attacks. A state of focally reduced CBF and raised OEF was coined 'misery perfusion' by Baron and interpreted as reflecting exhausted vasodilatory reserve (Baron et al, 1981b) . This provided a marker of potentially reversible cerebral ischemia and the rationale for surgical brain revascularization. Subsequently, postsurgery follow-up PET showed this pattern to be reversed, in association with a cessation of clinical attacks (Baron et al, 1981b; Leblanc et al, 1987a; Muraishi et al, 1993; Powers et al, 1984; Samson et al, 1985) . Also of interest was the finding that the ratio of cerebral blood volume to perfusion was increased in the chronic ischemic areas, reflecting vasodilation compensating for the reduced perfusion pressure, which reverts to normal postvascular surgery (Gibbs et al, 1984; Leblanc et al, 1987b; Sette et al, 1989) . These studies contributed to reversing the widespread belief that in stenosis or chronic occlusion of major cerebral arteries the clinical events are exclusively embolic, as opposed to hemodynamic-with major implications for clinical management. Severe misery perfusion was also found in acute stroke patients ( Figure 2 ), documenting in humans the concept of a 'penumbra' of viable tissue poststroke (Ackerman et al, 1981; Baron et al, 1981a; Wise et al, 1983) , as previously shown in animal models. Observation of this phenomenon up to 16 hours after stroke onset has countered the earlier belief that after acute occlusion, cerebral tissue was viable for only minutes. These findings supported the case for randomized controlled trials and specialized stroke units which focus on administering, where appropriate, thrombolytic therapy hours after stroke onset. Importantly, however, larger clinical PET studies showed that penumbra was present in only a fraction of patients, while others showed either an extensive area of near-zero CMRO 2 -a marker of established tissue necrosisor a pattern of focal hyperperfusion with preserved oxygen metabolism, indicating prior reperfusion with spontaneous salvage of the penumbra (Marchal et al, 1993) . The notion that penumbra imaging could help to select the appropriate candidates for acute thrombolysis has since been guided using magnetic resonance-based diffusion and perfusion imaging, validated against PET though with some caveats (Sobesky et al, 2005b; Takasawa et al, 2008; Zaro-Weber et al, 2009 , 2010 and more recently computed tomography-based perfusion imaging. Tissue viability in the acute stage has also been assessed using the neuronal marker [ 11 C]FMZ (Heiss et al, 2001; Sette et al, 1989) . Positron emission tomography has showed the elevation of TSPO signal, indicative of microglial activation, as well as selective neuronal loss in the salvaged penumbra, indicating that this tissue is affected by cellular processes that may impact longterm clinical recovery (Gerhard et al, 2005; Guadagno et al, 2008; Price et al, 2006; Ramsay et al, 1992) . Several days after stroke, oxygen-15 imaging showed a delayed luxury-type of flow-metabolism mismatch, a pattern of high or normal perfusion but very low CMRO 2 , documenting reperfusion of metabolically dead cerebral tissue (Ackerman et al, 1981; Baron et al, 1981b; Lenzi et al, 1982; Wise et al, 1983) .
Thus, after stroke, conclusions reached on the basis of cerebral perfusion-based methods only should be treated with caution. An interesting and novel observation after stroke was the demonstration of a matched reduction of oxygen metabolism and blood flow to cerebral tissues remote from, and disconnected as a result of, the infarct or hemorrhage. The most striking example of these effects, shown with both oxygen-15 and [ 18 F]FDG, involves the cerebellar hemisphere contralateral to the stroke-so-called crossed cerebellar diaschisis (Baron et al, 1980 (Baron et al, , 1984 Pantano et al, 1986; Serrati et al, 1994; Sobesky et al, 2005a) . The presence of such a remote functional deficit with potential for metabolic recovery has implications for poststroke rehabilitation of recuperable functional tissue. [ 15 O]H 2 O-based activation methods showed neuroplastic processing after adult-onset stroke that first showed the reorganization of large-scale networks underlying clinical recovery (Calautti et al, 2001; Chollet et al, 1991; Weiller et al, 1995) . The methodology developed for studying regional oxygen utilization in cerebral vascular disease has been used to research head trauma patients. Here, the use of hyperoxia showed a universal increase in the CMRO 2 with the at-risk tissue which was not evident from the microdialysis measures of lactate and pyruvate (Nortje et al, 2008) . The use of [ 18 F]FDG or TSPO ligands such as [ 11 C]PK11195 (which reflects macrophage activity) offers the possibility of detecting unstable carotid atheromatous plaques, potentially enabling the detection of patients at risk of impending stroke and for monitoring therapy (Lamare et al, 2011; Moustafa et al, 2010; Rudd et al, 2002) .
Movement Disorders
Stoessl et al (2011) have recently reviewed the milestones in the imaging of movement disorders. In Parkinson's Disease (PD), PET studies have been instrumental in allowing the dissection of dopaminergic dysfunction. The use of [ 18 F]-labeled F-DOPA as an index of presynaptic dopaminergic function has enabled the assessment of striatal nerve terminal function (Garnett et al, 1983) . Striatal uptake of F-DOPA has been shown to correlate with the dopaminergic cell counts in the substantia nigra, as well as with striatal dopamine levels (Snow et al, 1993) . [ 18 F]F-DOPA PET showed that dopamine deficiency in PD selectively affects the posterior more than the anterior striatum, and the increased F-DOPA turnover in early PD reflects a reduced capacity for the synaptic vesicles to store dopamine (Sossi et al, 2002) . Interestingly, brain PET has been used to show that the placebo effect in PD is mediated by release of endogenous dopamine (de la Fuente-Fernandez et al, 2001) .
Positron emission tomography has also been valuable in monitoring the results of neuronal transplantation trials. While both F-DOPA uptake Kordower et al, 1995; Ma et al, 2010; Figure 2 Positron emission tomography (PET) images depicting cerebral blood flow (CBF), oxygen extraction ratio (OER), and cerebral metabolic rate of oxygen (CMRO 2 ) of a patient after a left hemisphere transient ischemic attack (1ST), 7 hours after a major stroke (2ND), and 4 days after the stroke (3RD). The high oxygen extraction ratio seen within hours after the stroke fell in association with a decline in cortical oxygen metabolism . Nakamura et al, 2001; Olanow et al, 2003; Wenning et al, 1997) and amphetamine-induced dopamine release, as measured with [ 11 C]raclopride (Piccini et al, 1999) , have been shown to consistently improve after neuronal transplantation, the clinical response has been limited Olanow et al, 2003) . This suggests that functional reinnervations of cortico-striatal-thalamocortical loops, as demonstrated by movement-related activation of the prefrontal and supplementary motor cortex imaged with [ 15 O]H 2 O PET, are delayed (Piccini et al, 2000) , and presumably may not occur in some cases. Brain PET has also been key to promoting the view of PD as a disease which is not confined to the dopamine system, as studies using cholinergic and serotonergic ligands have showed multisystem involvement. Reductions of cholinergic function are more widespread than that seen in patients with Alzheimer's disease (AD) (Bohnen et al, 2003; Hilker et al, 2005) and global reductions in 5-HT1A receptor density have been shown (Doder et al, 2003) . Widespread brain dysfunction has been shown by imaging metabolic activity using [ 18 F]FDG and CBF using [ 15 O]H 2 O (Eidelberg et al, 1994) . Metabolic network activity was found to be abnormal in the clinically unaffected hemisphere in unilateral PD patients , while CBF activation during motor learning is more widespread in early-stage PD patients, indicating potential compensatory mechanisms (Mentis et al, 2003) .
The differences detected by PET in movement disorders have made it useful for investigating underlying pathology and for differential diagnosis. For example, preservation of striatal D 2 receptors was found to differentiate PD patients from those with multiple systems atrophy. In dopamine responsive dystonia patients, a distinct disease-related metabolic network that is significantly different from that associated with PD and primary dystonia suggests a unique mechanism for this disorder. Network analysis has also revealed a consistent metabolic pattern characteristic of early or presymptomatic Huntingdon's disease (Feigin et al, 2001 (Feigin et al, , 2007 .
Dementia
A goal in dementia imaging has been to provide accurate neurochemical phenotyping of the variants of clinical dementia, such as Alzheimer's Disease (AD), frontotemporal dementia, dementia with Lewy bodies (DLB), and PD with dementia. The initial report using PET was based on the measurements of CMRO 2 , CBF, and OEF, which showed hypometabolism in the parietal and temporal regions in the less severe AD patients with more profound reductions in the frontal regions of patients with more severe degenerative dementia. There was no evidence of ischemia in either AD or multiinfarct dementia (Frackowiak et al, 1981) . [ 18 F]FDG has proven to be a sensitive metabolic marker to detect minimal changes in the function of terminal projections of excitatory pathways before structural changes (Benson et al, 1983; Friedland et al, 1983) . Multiple patterns of altered metabolism have been identified in distinct dementia syndromes. These include occipital hypometabolism in DLB (Albin et al, 1996) and predominantly frontal hypometabolism in frontotemporal dementia and variant AD (Ishii et al, 1998) . Focal cerebral hypometabolism appears to be predictive of patients who have neurodegenerative problems at a time when they are not able to be diagnosed clinically (Minoshima et al, 2004) . In patients with mild cognitive impairment, characteristic [ 18 F]FDG PET patterns of hypometabolism have been shown to predict AD diagnosis within 1 to 3 years (Herholz, 2010) .
Differentiation of AD from DLB is readily shown by PET imaging of presynaptic nigrostraital dopamine terminal integrity with [ 18 F]F-DOPA or the striatal vesicular monoamine transporter marker [ 11 C]DTBZ (Koeppe et al, 2008) . This has important impact on clinical care, as the treatment of DLB patients with antipsychotics precipitates profound rigidity and sometimes autonomic instability that may even be fatal. Similarly, DLB patients with symptomatic parkinsonism should not be treated aggressively with dopamine replacement therapy, as this precipitates psychosis.
In-vivo imaging of acetylcholinesterase with N-[ 11 C]methylpiperidyl propionate as a marker of the presynaptic cholinergic system ( Figure 3 ) has confirmed cholinergic projection defects in early-stage AD, but these were not as pronounced as may be expected from postmortem data (Bohnen et al, 2003; Kuhl et al, 1999) . The cortical cholinergic defects have been found to be more pronounced in DLB compared with AD, which explains why DLB patients may respond more dramatically to cholinergic therapy than AD patients.
The introduction of ligands that target amyloid deposits, such as the [ 11 C]PiB that binds selectively to fibrillary amyloid, has enabled AD patients to be distinguished from age-matched controls (Klunk et al, 2004) . Combined amyloid and striatal vesicular monoamine transporter imaging revealed very significant discordant molecular imaging classifications compared with consensus clinical diagnostic classifications (Burke et al, 2011) . Prospective and ongoing studies are revealing that PiB-positive patients with mild cognitive impairment have a much greater rate of progress and conversion to AD than PiB-negative mild cognitive impairment patients (Jack et al, 2010; Koivunen et al, 2011; Okello et al, 2009; Wolk et al, 2009 ). Using [ 11 C]verapamil, PET imaging has shown that P-gp function is decreased in AD. This is the first direct evidence that the P-gp transporter at the BBB is compromised in sporadic AD, suggesting that it may be involved in AD pathogenesis (van Assema et al, 2012) . Further, the first-generation TSPO ligand [ 11 C]PK11195 has been used as a marker of activated microglia to show increased neuroinflammatory Brain PET: development, past, and future activity in AD patients (Cagnin et al, 2001) , opening additional avenues for identifying the underlying pathological process leading to the pathogenic protein deposits characteristic of AD.
Epilepsy
Imaging with [ 18 F]FDG PET has shown that patients with temporal lobe epilepsy who were seizure free after temporal lobe resection had a greater proportion of hypometabolic area surgically removed than individuals who continued to have seizures (Willmann et al, 2007) . This finding raises the possibility of tailoring, especially in anatomically complex cases, the extent of resection according to the area of hypometabolism. [ 18 F]FDG PET has been long integrated in presurgical neuroimaging in many centers and proved to be clinically useful in identifying focal glucose metabolic abnormalities-in particular, patients with normal MRI-in both temporal and neocortical epilepsies (Kumar et al, 2010) and subtle focal cortical dysplasia (Kim et al, 2011) .
[ 11 C]FMZ delineation of g-aminobutyric acid receptor A (GABA-A) availability may provide a biochemical marker of epileptogenicity and strengthens the hypothesis that inhibitory mechanisms are disturbed in the epileptic focus (Bouvard et al, 2005) . In the context of identifying epileptogenic tissue, binding of [ 11 C]FMZ was significantly lower in the epileptic focus than in the contralateral homotopic reference region and the remaining neocortex (Savic et al, 1988) . However, although [ 11 C]FMZ showed great potential in selected patient subgroups, it has not yet reached the stage of routine clinical application. [ 11 C]FMZ PET identified occult but surgically relevant abnormalities of benzodiazepine receptors (Ryvlin et al, 1998) and in malformations of cortical development detected abnormalities sensitively and objectively, which were more extensive than subtle structural abnormality revealed with MRI (Hammers et al, 2001; Richardson et al, 1998) . Further, the use of interictal [ 11 C]FMZ PET in patients with idiopathic generalized epilepsy, together with voxel-based morphometry MRI studies, has truly challenged the concept of generalized epilepsies, as it has revealed predominantly frontal increases in [ 11 C]FMZ binding suggestive of focal microdysgenesis (Koepp et al, 1997; Savic et al, 1994) . In a similar vein, the prevailing concept of focal epilepsies with epileptogenic zones, which after complete resection would lead to seizure freedom, has been challenged in a recent metaanalysis of [ 11 C]FMZ PET studies (Laufs et al, 2011) . The authors identified an area in the human piriform (primary olfactory) cortex that was active in association with interictal electroencephalography spikes and where benzodiazepine and GABA-A receptor complex expression were reduced as seizure frequency increased.
The endocannabinoid system is also implicated in epileptogenicity. A recent PET study using the radioligand [ 18 F]FMK-9 to assess type 1 cannabinoid receptor showed potential for its use as a supplementary tool for enhanced definition of the preseizure onset zone for presurgical evaluation (Goffin et al, 2011) . The results suggested a role for cannabinoid-1 receptor in the pathophysiology of seizures, although timing of the PET scans in relation to seizures was important to maximize sensitivity of the tracer.
One major drawback in clinical PET imaging is that of specificity: both FDG and FMZ PET show cause and consequence of seizure activity in the focus and projection area of the seizure onset. This can make treatment decisions for respective surgery difficult. But 11 C-a-methyl-l-tryptophan PET may help to identify epileptic lesions in situations where changes identified with other modalities such as FDG PET or electroencephalography are unclear, for example, as shown in children with tuberous sclerosis (Chugani et al, 2011) .
Positron emission tomography studies using opioid receptor ligands have supported findings from animal experiments suggesting a predominantly anticonvulsant effect of opioid peptides. With the m-selective ligand [ 11 C]carfentanil, increased m-opioid receptor availability in the areas of the epileptogenic temporal lobe exhibiting interictal hypometabolism was shown (Frost et al, 1988) . Studies with the nonselective opioid ligand [ 11 C]diprenorphine showed the generalized displacement of opioid receptor ligands during absence seizures (Bartenstein et al, 1993 ) and a focal displacement during seizures of reading epilepsy Figure 3 Positron emission tomography (PET) images showing percentage reductions in regional glucose utilization and acetylcholinesterase (AChE) activity in Alzheimer's disease (AD) patients compared with controls, using [ 18 F]-FDG and N-[ 11 C] methylpiperidyl propionate, respectively. Glucose focal hypometabolism was focally prominent in posterior cingular gyrus and parietal cortex. Loss of AChE activity was even more diffuse and involved the entire neocortex, as well as the hippocampus (Kuhl et al, 1999) . CMRglu, cerebral metabolic rate of glucose. (Koepp et al, 1998b) . A role for the opioid system in the postictal rise in seizure threshold has also been suggested . These brain PET studies provide strong support for the prevailing opinion that endogenous opioids are released after generalized and partial seizures, having a role in the tonic anticonvulsive mechanism that limits the spread of seizure activity from the epileptogenic focus.
The challenge in treating most central nervous system (CNS) diseases such as epilepsy is overcoming drug resistance due to poor delivery and retention of pharmaceuticals across the BBB. In patients with temporal lobe epilepsy, the K1 (influx rate constant) values of [ 11 C]verapamil (a permeabilityglycoprotein P-gp substrate) in drug-sensitive patients were higher than those in healthy volunteers, while those from the drug-resistant patients fell in between these two groups. This suggests BBB permeability differences and a less efficient P-gp function in drug-sensitive patients resulting in higher drug concentrations in the brain. After the administration of tariquidar, an inhibitor of P-gp, smaller K1 increases are observed in the drug-resistant patients ( + 27%) compared with healthy volunteers ( + 40%), supporting overexpression of P-gp function in drug-resistant epilepsy patients (Koepp, personal communication) .
Schizophrenia
There is a good argument to be made that compared with all other psychiatric disorders, brain PET has made the biggest impact on the understanding and treatment of schizophrenia-the disease with the greatest hospitalization costs. Brain PET has been particularly influential in documenting enhanced dopaminergic activity in schizophrenia and the importance of addressing it in treatment. Quantitative imaging of the D 2 receptor in the basal ganglia using [ 11 C]raclopride showed that the magnitude of its blockade by a range of antipsychotic drugs correlated with symptom relief (Farde et al, 1988) , thereby supporting the dopamine hypotheses of antipsychotic action (Figure 4 ). Receptor occupancy titrated against dose of antipsychotic drug (or plasma concentration) showed distinct thresholds for antipsychotic effects and extrapyramidal syndromes as induced by classical antipsychotic drugs (Figure 4) . This work has had important clinical consequences in reducing the doses of antipsychotics used in clinical treatment of acute schizophrenic episodes, without impairing efficacy and improving tolerability (Farde et al, 1988; Farde, 1996; Kapur et al, 1996; Nord and Farde, 2011; . Using methylphenidate and amphetamine challenges, brain PET confirmed the earlier SPECT finding of heightened release of dopamine in schizophrenic patients compared with controls (Breier et al, 1997; Kegeles et al, 2010; Laruelle et al, 1999 Laruelle et al, , 2003 . Further evidence of elevated dopaminergic function was provided by the finding of increased [ 18 F]F-DOPA signal in nonmedicated schizophrenic patients (Hietala et al, 1995) and in subjects with prodromal signs of schizophrenia (Howes et al, 2009 ; Figure 5 ). The combination of these findings suggests that schizophrenia is associated with elevated dopaminergic function in the associative regions of the striatum, which may also have an adverse effect on the dorsolateral prefrontal cortex where information is processed from. [ 15 O]H 2 O PET imaging of schizophrenic patients during auditory and visual hallucinations has shown focal activations in the inner speech and auditory/linguistic association cortices of the brain, providing a biological basis for the subjective reports of schizophrenic patients' experience (Silbersweig et al, 1995) . This used a method developed to capture transient changes in regional CBF with PET (Silbersweig et al, 1993) . Imaging with [ 11 C]PK11195 has showed an elevated TSPO availability, implying the presence of neuroinflammation within the first 5 years of schizophrenia onset. This suggests that neuronal damage may be involved in the Figure 4 (A) [ 11 C]raclopride positron emission tomography (PET) images through the caudate/putamen level of a schizophrenic patient treated with placebo (left) and haloperidol (right) as described in Farde et al (1992) . (B) The suggested distinct thresholds for antipsychotic effects and extrapyramidal syndromes (EPSs) as induced by classical antipsychotic drugs. Owing to the hyperbolic relationship between occupancy of the D 2 receptor and dose of antipsychotic drug (or plasma concentration) there is a rather narrow interval for optimal therapeutic treatment. Figure modified from Farde (1996) .
loss of gray matter associated with this disease and indicates microglia as a potential novel target for neuroprotective therapies in schizophrenia (van Berckel et al, 2008) .
Addiction
Neuroimaging has had a key role in defining the neurobiology of addiction and helped establish addiction as a 'brain disease', with PET leading the characterization of neurotransmitter systems in intoxication, withdrawal, and abstinence. A key discovery has been the blunted striatal dopaminergic activity, at presynaptic and postsynaptic levels, in a range of addictions. Since sensitization was first proposed, i.e., that dopaminergic neurotransmission was potentiated after repeated drug exposure, the measurement of dopamine release in addiction has been pursued vigorously. An early study using [ 11 C]raclopride found the opposite, with a blunting of methylphenidate-induced striatal dopamine in chronic cocaine abusers compared with controls (Volkow et al, 1997) . This finding was replicated using amphetamine and [ 11 C]raclopride PET imaging (Martinez et al, 2007) in a study which compared the effects of amphetamine between functional subdivisions of the striatum (limbic, associative, and sensorimotor) and found that the dopamine response was significantly blunted in all three regions. Subsequently, blunting of amphetamine-induced dopamine release in the limbic region of the striatum was shown to be associated with drug-seeking behavior. Baseline levels of striatal dopamine, as measured with the a-methyl paratyrosine paradigm and [ 11 C]raclopride PET, are also depleted in cocaine abusers (Martinez et al, 2009 ). The blunting of elicited dopamine release has also been reported in alcoholism, though restricted to the ventral striatum (Martinez et al, 2005; Volkow et al, 1997) . There has been a limited number of studies using [ 18 F]F-DOPA, but reduced levels in alcohol and cocaine addiction have been reported (Heinz et al, 2005b) . Availability of dopamine receptors 2 and 3 (D 2/3 ) have been measured in many PET and SPECT studies with tracers such as [ 11 C]raclopride or [ 123 I]IBZM. The majority of studies in abstinent alcohol or cocaine addicts report lower D 2/3 receptor levels in the striatum, particularly in the ventral region (Martinez and Narendran, 2010 ).
The dopaminergic system is modulated by opioid neurotransmission. Availability of m-opioid receptors, as measured with [ 11 C]carfentanil and [ 11 C]diprenorphine PET, is increased in early abstinence from cocaine, alcohol, or opioids and the increases are related to craving (Heinz et al, 2005a; Williams et al, 2007 Williams et al, , 2009 Zubieta et al, 1996) . Positron emission tomography has also been used to characterize dose-occupancy relationship for opioid substitute medications, methadone, and buprenorphine. While buprenorphine can be shown to occupy m-opioid receptors using [ 11 C]carfentanil PET (Greenwald et al, 2003) , even high levels of methadone show limited or no occupancy of opioid receptors when using the nonsubtype-selective ligand [ 11 C]diprenorphine (Kling et al, 2000; Melichar et al, 2005) , which questions the mode of action of methadone treatment.
Many of the effects of alcohol in the brain are mediated by stimulating the GABA-benzodiazepine receptor. Reduced GABA-benzodiazepine receptor levels have been shown with [ 123 I]iomazenil SPECT in alcohol dependence after weeks of abstinence, and [ 11 C]Ro15 4513 PET showed this to occur in the nucleus accumbens and hippocampus (Lingford-Hughes et al, 2012) .
Depression and Anxiety
Imaging with PET has provided an important contribution toward understanding the pathophysiology of major depressive disorders (MDDs), identifying endophenotypes and vulnerability traits, as well as assessing therapeutics and identifying new opportunities for prevention. Facilitated by the development of suitable radioligands for monoaminergic receptors (such as the 5-HT 1A , 5-HT 2A , and D 2 ), reuptake transporters (such as the serotonin transporter (SERT/5-HTT), dopamine transporter (DAT) and norepinephrine transporter (NET)), and the catabolic enzymes (MAO-A and -B), PET imaging has had a considerable impact on the monoamine theory of MDD. Given that MAO-A is an enzyme that metabolizes monoamines, such as serotonin, norepinephrine, and dopamine, elevated MAO-A density is proposed as the primary mechanism of the multiple monoamine reduction observed in MDD.
Imaging studies have investigated differences in the availability of 5-HT 1A and 5-HT 2A receptors between healthy volunteers and patients with MDD (Drevets et al, 1999; Meyer, 2008; Sargent et al, 2000; Savitz and Drevets, 2009; Smith and Jakobsen, 2009 ). Patients with major depressive episode show a reduction in 5-HT 1A receptor availability (Drevets et al, 1999; Sargent et al, 2000) , while MDD patients who show high levels of pessimism show an elevation in 5-HT 2A receptor availability (Bhagwagar et al, 2006; Meyer et al, 2003) . The availability of MAO-A activity, as measured with [ 11 C]harmine PET , was found to be elevated in patients with MDD (Meyer et al, , 2009 , consistent with postmortem data (Johnson et al, 2011) .
The development of novel therapeutics for mood disorders has benefited from the assessment of target occupancy with PET and has been used in the development of 5-HT 1A antagonists, dopamine reuptake inhibitors, and MAO-A inhibitors (Meyer et al, 2002; Rabiner et al, 2000 Rabiner et al, , 2001 Sacher et al, 2011 ). An 80% occupancy of the 5-HTT by serotonin reuptake inhibitors distinguishes medications from placebo in the treatment of major depressive episode in clinical trials (Meyer et al, 2004) . Lower occupancies were observed with doses that lacked clinical efficacy and the affinity of medications tested were found to differ by two orders of magnitude compared with in-vitro results, emphasizing the value of an in-vivo evaluation of target occupancy with PET. This has led to the recognition of an 80% occupancy being a requirement for the development of novel antidepressants targeting 5-HTT.
An intriguing question raised by the PET findings in patients with MDD is whether these are trait or state markers. The PET studies in individuals at risk due to genetic predisposition, stressful life events, or personality traits, have provided a key contribution to the investigation of vulnerability to mood disorders. Alterations in several monoamine system markers support the notion of a disordered serotonergic neurotransmitter system being associated with a vulnerability to MDD. For example, the finding of elevated MAO-A availability in the prefrontal and anterior cingulate cortex in states of high risk for MDD recurrence associated with depressed mood, such as during early postpartum and in early withdrawal from heavy cigarette smoking, is exciting (Bacher et al, 2011; Meyer et al, 2009; Sacher et al, 2010) . Greater MAO-A availability may lower brain monoamine concentration, which is associated with subsequent major depressive episode (Freis, 1954) . Low 5-HTT binding activity was found in the dorsolateral prefrontal cortex of healthy co-twins of patients with mood disorders , indicating a genetic vulnerability that may contribute to the pathophysiology of depression. Elevated 5-HTT levels in affect-modulating brain regions have been shown during the winter relative to the summer months (Kalbitzer et al, 2010; Praschak-Rieder et al, 2008; Ruhe et al, 2009 ), a finding of relevance to seasonal affective disorder pathology. Persistent reductions in 5-HT 1A receptors have been shown in patients fully recovered from a major depressive episode (Bhagwagar et al, 2004) , implying that reduced 5-HT 1A availability may predispose to MDD, or be a result of the illness. Interestingly, an initial report has shown that psychotherapy increases brain serotonin 5HT 1A receptors in patients with MDD (Karlsson et al, 2010) . In healthy subjects, neuroticism, vulnerability, and familial risk have all been positively associated with increased frontolimbic 5-HT 2A receptor levels and binding activity (Frokjaer et al, 2008 (Frokjaer et al, , 2010 .
Positron emission tomography and SPECT have been widely used in the investigation of anxiety disorders. Reductions in 5-HT 1A availability have also been observed in anxiety disorders (Lanzenberger et al, 2007; Nash et al, 2008; Neumeister et al, 2004) . Interestingly, 5-HTT reductions observed in patients with MDD correlated in magnitude with the severity of cooccuring anxiety, rather than depressive symptoms (Reimold et al, 2008) . A recent meta-analysis found decreased striatal D 2 receptor and mesencephalic 5-HTT binding in obsessive compulsive disorder, and reductions in GABA-A receptors in frontocortical regions in panic disorder and temporocortical areas in generalized anxiety disorder (Nikolaus et al, 2010) . When all anxiety disorders were pooled, reductions in midbrain 5-HTT and 5-HT 1A receptors, striatal D 2 and GABA-A receptors were observed, indicating a major role for dopamine, 5-HT, and GABA neurotransmission in anxiety disorders.
Cerebral Tumors
Using oxygen-15 and [ 18 F]FDG PET studies, brain gliomas showed a low OEF compared with the normal brain, whereas their glucose extraction fraction was similar (Rhodes et al, 1983) . This clear in-vivo demonstration of the preferential aerobic glycolysis of human tumors, known as the Warburg effect, paved the way for the current widespread use of [ 18 F]FDG for tumor localization throughout the body, principally for disease staging and also as a marker of treatment response. It was shown early in the application of PET that it enabled the differentiation of therapy induced tissue changes from recurrent brain tumor (Di Chiro et al, 1988) . However, because of the high background of glucose utilization in normal brain tissue, labeled amino acids such as [ 11 C]methionine (Bergstrom et al, 1983) and [ 11 C]tyrosine (Willemsen et al, 1995) , as well as labeled unnatural amino acids such as [ 11 C]amino cyclopentane carboxylic (Hubner et al, 1981) , have subsequently showed greater sensitivity for defining cerebral tumors by exploiting their increased protein synthesis compared with normal brain tissue. Evaluation of tumor [ 11 C]methionine PET data compared with normal brain tissue uptake data suggests a means to improve the sensitivity of detecting tumor infiltration of white matter (Coope et al, 2007) . The current tracer of choice for imaging amino-acid transport/protein synthesis appears to be [ 18 F]-(fluoroethyl)-L-tyrosine (FET), which when combined with MRI has shown to improve the diagnostic assessment of cerebral gliomas (Pauleit et al, 2005) . Using the labeled analog of thymidine [ 18 F]FLT, it has been possible to image brain tumor proliferation (Chen et al, 2005) . Using [ 18 F]fluoromisonidazole to image tumor hypoxia, it was shown that the volume and intensity of hypoxia before radiotherapy is strongly associated with worse survival and time to progression (Spence et al, 2008) and as a marker of integrin a(v)b(3) expression, [ 18 F]galacto-RGD peptide has been used to image angiogenesis in brain tumors (Schnell et al, 2009) .
Temazolomide is an anticancer drug currently used in the treatment of brain tumors, which has shown improved survival when combined with radiotherapy and is now standard therapy after surgery for high grade gliomas (Stupp et al, 2005) . When undergoing early clinical testing, [ 11 C]temazo-lomide PET studies were used to show adequate delivery and dosimetry of the drug within the cancerous tissue of the brain, which helped to support the development of what has become a billion dollar per year therapeutic agent (Saleem et al, 2003) .
Studies of the Healthy Human Brain
Using [ 18 F]FDG, patterns of regional cerebral glucose metabolism have been reported for the maturational changes in infants (Chugani and Phelps, 1986) . These were shown to be in agreement with neurophysiological and anatomical alterations known to occur during infant development. Using the brain PET [ 15 O]H 2 O activation method (Fox et al, 1987a) and analytical methodology such as statistical parametric mapping (Friston et al, 1994) , a range of exciting results were reported covering, for example, visual (Fox et al, 1987b; Lueck et al, 1989) , cognition Posner et al, 1988) , working memory (Paulesu et al, 1993) , and face perception (Dolan et al, 1997) . As a result, more neuroscientists became attracted to using imaging of regional cerebral function for researching the normal brain. The increased scientific output drew the attention of exponents of MRI, which led to the introduction of the blood oxygen level-dependent functional MRI (fMRI) technique. fMRI relies on the fact that during transient cerebral activation the brain undergoes the uncoupling of flow from oxygen utilization through aerobic glycolysis, i.e., the glucose-lactate switch. As a result, the OEF is reduced and the local venous oxygen content rises. Since blood hemoglobin is diamagnetic when oxygenated (and paramagnetic when not) this provides a local increase in the MRI signal indicating regions of brain activity. Proof of this underlying mechanism of uncoupling came from brain PET studies which showed that regional CBF and glucose utilization were increased during activation but not oxygen utilization (Fox and Raichle, 1986) .
Interestingly, it has been reported that by quantitatively imaging glucose and oxygen utilization with [ 18 F]FDG and oxygen-15, regions of physiological aerobic glycolysis are present in the resting state and differentially distributed ( Figure 6 ; Vaishnavi et al, 2010) . The use of aerobic glycolysis as a brain energy source is less efficient at producing adenosine triphosphate compared with oxidative phosphorylation (by a factor of 30), but its facility for faster rate changes makes it uniquely suited to accommodate small, rapidly changing requirements in energy. This observation suggests that one of the factors contributing to the regional variation may be the percentage of nonneuronal cells, such as astrocytes, which use aerobic glycolysis for glutamate cycling.
The PET investigations have been instrumental in advancing the understanding of the neurochemical and physiological systems in normal brain function.
The demonstration of the feasibility of PET techniques to detect the increased blockade of D 2 receptors when normal subjects experienced reward (Koepp et al, 1998a) and dopamine release during the performance of motor tasks (Goerendt et al, 2003) has enabled subsequent dissection of the role of dopaminergic circuits in normal human learning and executive function (Badgaiyan et al, 2007; Cervenka et al, 2008; Garraux et al, 2007; Karabanov et al, 2010; MacDonald et al, 2009 ). In turn, this has led to the evaluation of individual differences in brain neurochemistry and physiology within a healthy population. Numerous PET studies have linked personality traits related to novelty seeking, impulsivity, and adventurousness to measures of dopamine release (Leyton et al, 2002; Oswald et al, 2007) and D 2 /D 3 availability in the midbrain (Zald et al, 2008) and cortical regions (Bernow et al, 2011) . These findings are considered significant, as disturbances in dopaminergic neurotransmission have been implicated in the pathophysiology of addiction, as have the personality traits of impulsivity, novelty seeking, and high reward dependence. The finding of a link between striatal D 2 receptor availability and the personality trait of detachment (Breier et al, 1998; Farde et al, 1997) has indicated a potential disruption of D 2 -mediated neurotransmission underlying negative symptoms in schizophrenia. Likewise, such studies may provide a mechanistic link between personality factors and brain neurochemistry. The role of opioidergic neurotransmission in the pathophysiology of addictive behavior is supported by the finding of a relationship between reward dependence and opioid receptor availability (Schreckenberger et al, 2008) . Similar investigations of various facets of serotonergic neurotransmission in healthy volunteers have provided numerous links to levels of anxiety and aggression, as well as the personality traits of harm avoidance and openness to experience (Kalbitzer et al, 2009; Moresco et al, 2002; Soliman et al, 2011; Soloff et al, 2010; Witte et al, 2009 ). Investigation of individual differences has benefited from the acquisition of large data sets, which was made possible by the standardization of acquisition and quantitative analysis so that data can be combined across numerous studies (Rabiner et al, 2002) .
Drug Development
Pharmacology in general and drug development in particular has been an unqualified success area for brain PET imaging. Information derived from PET studies is easily interpreted in pharmacological terms and can be readily incorporated into the drug development process. The PET-derived information can be used to make go/no-go decisions, and has therefore become a routine investigational technique considered by Pharma and Biotech in developing central nervous system (CNS) therapeutics. This has led to considerable investment of 'Big Pharma' in imaging expertize: the top 12 Pharma companies have internal imaging units and their own preclinical imaging facilities used for ligand development and derisking novel compounds before first-in-human studies. Reciprocally, the greatest impacts the field of drug development has had on brain PET has been in optimizing the quantification of drug interaction with their targets and making use of Pharma compound libraries to develop novel PET radioligands, thus increasing the number of targets that can be examined with PET.
The application of brain PET in industry has focused on the determination of brain penetration and target occupancy of novel compounds in phase I. Such information, though expensive to acquire, produces a significant impact on the overall cost of drug development by eliminating unsuitable molecules at an early stage and refining the dose range tested in late-phase clinical studies. This has been particularly useful for targets such as the D 2 receptor and the SERT/5-HTT, where levels of occupancy necessary for clinical efficacy have been established by investigating the occupancy of existing compounds at clinically useful doses (Farde et al, 1988; Meyer et al, 2004) .
For targets where a PET radioligand is available, or can be developed, target occupancy studies can be Figure 6 Distribution of aerobic glycolysis in resting human brain using a glycolytic index (n = 33, groupwise t test, |Z| > 4.4, P < 0.0001, cluster > 99, corrected for multiple comparisons). Specifically, regions with significantly high glycolysis include bilateral prefrontal cortex, bilateral lateral parietal lobe, posterior cingulate/precuneus, gyrus rectus, bilateral lateral temporal gyrus, and bilateral caudate nuclei. In contrast, cerebellum and bilateral inferior temporal gyrus have significantly low levels of aerobic glycolysis (Vaishnavi et al, 2010). used to quantify drug engagement with its target (Bench et al, 1993) . In addition to confirming CNS penetration, measurement of target occupancy at different doses allows the characterization of the plasma target occupancy relationship and can derisk the design of larger phase II and III trials by ensuring dose selection is optimized (Bergströ m et al, 2004; Searle et al, 2010) . Methodological developments derived from kinetic analysis of the drug-target interaction after single dose occupancy studies have enabled prediction of the occupancy that would be observed after repeat dosing (Abanades et al, 2011) . Such drug-target occupancy studies have benefited from the development of efficient experimental designs that use sequential adaptive optimal designs to minimize the number of PET scans required (Zamuner et al, 2002) .
Direct radiolabeling of novel CNS drugs with 11 C and 18 F has facilitated 'microdose' studies. These use tracer amounts of labeled drug to evaluate drug brain penetration and biodistribution in early development phases (Bergstrom et al, 2003 (Bergstrom et al, , 2006 Kiesewetter et al, 2002) and can prove very useful for investigating the pharmacokinetics of novel drugs designed for targets which have no suitable PET radioligand available. A significant advance in this methodology has been achieved by incorporating in-vitro equilibrium dialysis information from blood and tissue homogenate. In this way free, rather than just total, brain concentration of the drug can be quantified to provide further confidence about whether pharmacological activity will be reached (Gunn et al, 2007) .
The lack of appropriate radioligands for many brain targets is a major challenge for PET molecular imaging, both for academic research into understanding disease and for application to drug development. The growing interest in the use of molecular imaging in support of drug development and the accompanying establishment of dedicated molecular imaging groups in companies such as Merck, Pfizer, Novartis, Astra-Zeneca, Roche, Johnson and Johnson, and GlaxoSmithKline have improved the overall rate of ligand discovery. As a result, over the past 10 years, a significant growth has occurred in targets that can be studied with PET, including 5-HT1B receptors, 5-HT4 receptors, H3 receptors, CB-1 receptors, type 1 glycine transporters NPY-Y1, and mGluR1 receptors (Andersson et al, 2011; Ashworth et al, 2010; Gallezot et al, 2010; Hamill et al, 2009; Hostetler et al, 2011a,b; Marner et al, 2009; Passchier et al, 2010; Sanabria-Bohorquez et al, 2012) . In addition, encouraging advances have been made recently in design-based biomathematical modeling (Guo et al, 2009) , better understanding of factors predicting nonspecific binding (Baciu et al, 2006; Jiang et al, 2011) , and new approaches to medicinal and PET chemistry, providing a new set of tools to optimize future radioligand development.
Reflections on the Current Status of Brain Positron Emission Tomography
As documented here, brain PET has made a considerable impact, by providing new information on human brain disorders and normal human brain function over the past 30 years. The unique information that has been produced is substantial, and includes important concept changes. Given the reports from the first decade of its applications, and the increasing biological and medical focus on molecular imaging, translational research, experimental medicine, biomarker discovery and support for drug development, brain PET may be expected to be at the center stage of biomedical research. Layered on this has been the anticipation that the pharmaceutical industry would exploit PET to support drug development, and that new imaging biomarkers would stem from the libraries of compounds residing in pharmaceutical companies. The development of neurotransmitter and enzyme ligands has provided an invaluable experience and a practical blueprint for the development of ligands for other targets. Yet from these premises, brain PET research does not appear to have evolved as extensively as expected. From the overall developments and accumulated experience, it is perceived that brain PET has not been fully exploited. We plotted the studies referenced in this review by year of publication to obtain a visual representation of the progress of both the development of PET methodology and the achievements of the field (Figure 7) . Only one reference for a given outcome is scored despite there being, in some cases, a number of publications reporting/reinforcing a given outcome. We stress this analysis has not been based on a systematic review of the literature but on the items and references contained in this review. Nevertheless, we believe this analysis to be of interest, as we consider that we have obtained a representative sample of the perceived highlights of brain PET from a selection of experts in the field. The scoring of the key methodological developments has been done from the perspective of the more immediate applications, based on our own experiences and the feedback received from the 13 nonauthor expert collaborators. While the scoring of some events has been clear, for others it is more subjective and no weight is given to those outcomes, which are more impactful than others. Also, the more recent developments may be underrepresented, as time is needed to fully assess their impact. The reader could create his or her own trend data from the accompanying bibliography. We are fully aware that a large and important area of methodological development is not represented in this data set, namely those that have occurred in radio synthetic chemistry, cyclotrons, and their production targets. For this, we ask forgiveness from our respected colleagues and associates who are and have been active in these areas. However, the ligand and tracer development that have been itemized do reflect to some extent the advances made in these areas. Despite these shortcomings, our analysis does give insight into the trends in the field. Waves of methodological development, as expected, precede waves of the achievements of new information on the human brain. The waves of development in the 1980s and 1990s are largely due to the introduction of new ligands and tracers for brain PET. The data clearly show that the annual achievements produced by brain PET studies are not increasing. The ratio between achievements during a given year and the accumulated methodological developments up to that year has been steady. It rose to a peak in the periods 2000 to 2005 but fell back to a low during the later part of the decade. Despite the accumulation of methodological advances on a number of fronts, radiochemistry, ligand/tracer developments, tomographs, reconstructions, quantification, kinetic modeling, noise reductions, etc, the resulting achievement outcomes have been somewhat constant relative to the methodology developments. Surprisingly, there does not appear to have been an amplification or synergy of the effects of these developments of improved sensitivity and specificity for enhancing the output of new information on the human brain in health and disease. These data reinforce our perception of a lack of initiative and momentum in the field at this time, with a reduction in its interest and application. This is further evidenced by the fact that there has been no new commercial design of a brain dedicated PET camera since 1995. At the 2011 American Academy of Neurology meeting, of the 1,400 oral and 1,900 poster presentations, only B1% involved PET, with many of these being [ 18 F]FDG-based studies (Feldmann, 2011) . Of the over 500 presentations at the 19th International Symposium on Radiopharmaceutical Science in 2011, only a few percent reported new methodologies for labeling with carbon-11 which is the key label for the small molecules needed as brain PET tracers and ligands (see Table 1 ). At the 2011 biannual Conference of the International Society of Cerebral Blood Flow and Metabolism (ISCBFM), there were few reports of new impacting information on the human brain based on PET studies. The fact that brain PET procedures have not translated significantly into routine clinical care may be an important contributor to this state of affairs.
From the position of those who oversaw the beginning of brain PET as an exciting technique, with massive potential for obtaining unique information on the human brain in both health and disease, its current applications and the lack of excitement in anticipated future expectations are disappointing. This is especially the case given the accumulated methodological advances and the unique information that brain PET can provide for studying the human brain-the most complex biological structure known to humans, the most investigated and the least understood. It needs to be noted that the costs of brain disorders in Europe are near 800 Billion Euros per year (Gustavsson et al, 2011) . Brain PET is a unique tool for researching those brain disorders that Figure 7 Chronology plots showing the significant 'developmental and methodological' outcomes in brain PET and the reporting of 'achievement' outcomes of new or consensus changing information on the human brain. Only one reference for a given outcome is scored. This analysis has not been based on a systematic review of the literature but on the references contained in this review. A large and important area of methodological developments is not directly represented, namely those that have occurred in radio synthetic chemistry, cyclotrons, and their production targetry.
represent major clinical/economical burdens and for the challenges of understanding the ageing brain in the era of increasing human longevity. Thus, there are compelling factors for increased application of brain PET, a technique with a proven track record for gaining useful and impactful information.
Reasons for Diminished Brain Positron Emission Tomography Research Activity
One reason for reduced interest in brain PET was the introduction of fMRI in 1991. This was stimulated in part by the seminal work of PET-based studies of regional brain activation, and has led to a number of clinical neuroscientists, who were previously leading exponents of brain PET, to move their experimental base to fMRI-a cheaper, simpler, quicker, and more user-friendly method. Although this represented a lost intellectual force from the field of brain PET, brain PET remains unrivaled for the quantification of specific molecular targets. An encouraging development is the growing field of multimodal imaging, whereby the specific molecular approach of PET with the flexibility and superior temporal and spatial resolution of MRI is integrated, and it is hoped that this complementary approach will reinvigorate interactions between these two areas of neuroscience .
The major factors which have hindered widespread application of PET are that it is expensive and has practical implementation difficulties. Positron emission tomography is time consuming, often invasive, and involves exposure to ionizing radiation. Importantly, undertaking meaningful, top of the range PET studies is also a multidisciplinary 'big science' activity that requires a significant financial investment in technology and highly trained personnel. Worldwide access to such a 'big science' PETbased institute is very limited: hence, the number of worldwide investigators is currently very restricted. The cost-benefit ratio for top of the range PET is not obviously clear, especially when a short-term analysis is conducted. With this uncertainty, recent history has shown PET institutes to be highly politically vulnerable to takeovers by inexperienced administrative bodies, resulting in the demise of a number of former world-class centers. In recent years, the heightened regulations concerning the administration of material to human subjects and the associated introduction of Good Manufacturing Practice has hindered wider application of PET, with compliance proving difficult, costly, and distracting. From the scientific development and applications points of view, not enough clinical neuroscientists, chemists, and biologists are engaged in brain PET. In summary, despite the considerable number of developments in the methodologies underlying brain PET, they are not translating into applications. It is concluded that this must be due to lack of access to this sophisticated methodology.
Future of Brain Positron Emission Tomography

Areas of Development
Brain PET has made its greatest advances in quantifying metabolism and G-protein coupled receptors in various disease states and after treatment. Similar, though lesser, success has been achieved in the imaging of enzymes, e.g., monoamine oxidase A and B (MAO-A and -B), hexokinase, phosphodiesterase 4 and 10 (PDE4 and 10), fatty acid amide hydrolase (FAAH), and transporters, e.g., dopamine transporter (DAT), serotonin transporter (SERT/5-HTT), norepinephrine transporter (NET), vesicular monoamine transporter type 2 (VMAT2), and vesicular acetylcholine transporter (VAChT). However, it has been singularly unsuccessful in the quantification of ion channels (other than GABA-A), or the intracellular second messenger systems. The quantification of kinase and phosphatase activity and immune processes remains in its infancy, as does the quantification of pathological deposits found in neurodegenerative diseases (e.g., t-protein and a-synuclein). These targets are of increasing importance in the investigation of brain pathophysiology as well as in the assessment of novel treatments for CNS disorders.
An area of great excitement is the detection of neurotransmitter fluctuations in the living human brain. While this has been well established for the dopamine system (Laruelle, 2000) , and has generated valuable new data in understanding its role, extension to other systems has been hampered by the lack of suitable tools. Within the past 10 years, and in particular in the last few, promising tools have been made available for imaging fluctuations in 5-HT (Ridler et al, 2011) , endogenous opioids (Zubieta et al, 2001) , GABA (Frankle et al, 2009) , and glutamate (Miyake et al, 2011) . The combination of tissue pharmacokinetic data acquired with PET, with pharmacodynamic data acquired by other functional techniques such as blood oxygen level-dependent fMRI , [ 18 F]FDG PET, and electroencephalography promises to provide added value.
Further suggestions of relevant biological processes that require robust imaging agents to enable their study in the living human brain include:
i Downstream effector pathways coupled to neuroreceptors; ii Neuroimmunity/inflammation as a factor in brain disease and the role of astrocytes and their associated chemokines; iii Transient opening of the BBB as a factor in brain inflammation; iv Enhancing the delivery of drugs across the BBB; v Specific imaging markers of neuronal and glial subtypes; vi Progenitor stem cell activity and their chemokines for repairing brain damage; vii Glioma stem cell activity; viii Brain viral and bacterial infections (e.g., herpes encephalitis and tuberculosis); ix Brain plasticity, e.g., in stroke recovery;
x The neurochemical components underlying memory, learning, maturation, ageing cognitive decline/enhancement, and personality.
The choice of specific targets in the areas proposed above will rest on collaborative interactions between molecular imaging professionals and the wider neuroscience and clinical community. The development of imaging in these novel areas will require a profound understanding of the underlying biology and so the involvement of new researchers with specialized knowledge in these areas is critical. Target interaction studies demand the availability of a radioligand that has good affinity for the target, and binds with high specificity and selectivity (Cunningham et al, 2005) . Such ligands exist for many targets in the CNS, however, the discovery of novel biological targets requires the development of novel PET radioligands: a complex and resourceintensive undertaking, which requires highly specialized and skilled staff and complex infrastructure. While the contributions of the pharmaceutical industry to developing specific imaging biomarkers are impressive, there is a case for industries contributing to the development of generic tracers that would enable in-vivo screening of a whole class of drugs. Proactive involvement of professional organizations, such as ISCBFM, will be valuable in engaging clinical neuroscientists to identify areas of need for brain PET application, and to enable a clear definition of the clinical research questions and the biomarkers required to focus future development. Importantly, here the ISCBFM could be instrumental in making the funding agencies aware of the true costs and above all the cost to benefit of undertaking high quality PET studies.
Proposed Strategies to Advance the Future Applications of Brain Positron Emission Tomography
It is of note that PET data collection, reconstruction, presentation, and analysis are somewhat more advanced than the applications. However, going forward, there is still scope for methodological improvements. For example, the manufacturers of PET scanners could be encouraged to implement software for accepted applications so that studies become less cumbersome and time consuming. Increasing the availability of brain-specific tomographs that implement recent technical developments would enhance brain pharmacokinetic measures in microdose studies. The establishment of centralized 'photo-shops' at international expert centers for specialized quantitative analysis of electronically transferred kinetic PET data could also encourage wider beneficial use of this methodology.
Optimization of Radioligand Development
The development and characterization of radioligands for a novel target is a time and resourceintensive exercise, where success is not guaranteed. The development of comprehensive in-silico and in-vitro assays, which are able to assess a potential molecule's suitability, will go a long way toward improving radioligand development. Traditionally, the assessment of a molecule's suitability focused on a molecule's affinity and specificity for the target, plus its lipophilicity as a predictor of brain penetration and nonspecific binding. The use of in-vitro data in an appropriate biomathematical model to predict the in-vivo performance of a candidate molecule promises to improve the success rate of ligand development activities (Guo et al, 2009 ). Furthermore, to tighten the results from patient groups and hence reduce the numbers required per study, multitracer studies in the same patient may help to normalize the data.
The pharmaceutical industry is in position to be a major partner in this discovery and development process, both as a user of brain PET to support drug development and as the holder of libraries of candidate radioligands. An encouraging development is the increasing recognition within Pharma and Biotech companies that the development of novel radioligands represents a precompetitive activity, with information sharing within industry and academia promising to advance the field by preventing duplication of effort. Multipartner cooperative initiatives are under way, e.g., the European Innovative Medicine Initiative, which focuses on the development and validation of these tools. The commitment of international biologists and chemists to engage in radioligand development is essential in discovering and converting promising candidate molecules. Such commitment should be possible, given the exciting potential for researching the human brain. But key to mobilizing these scientists is improving the accessibility to short-lived positron emitting radionuclides and the development of easier tracer radiolabeling.
Cyclotron and Radiochemistry Developments
An encouraging approach to improving access to short-lived positron emitting radionuclides is the introduction of low powered microcyclotrons. These emit significantly reduced levels of radiation and promise to be cheaper, quicker to install, and easier to operate in a biology/chemistry laboratory or clinical environment, without the need for a qualified engineer . But with the prospect of easier access comes the challenge of using the relatively low radionuclide yields associated with such machines. Research and development will be necessary to refine the hot atom chemistry within the target being bombarded to produce usable yields of the radionuclides, with acceptable specific activity for the radiolabeling of tracer molecules. The small volumes of reagents produced by the microcyclotrons will also need to be handled efficiently and used rapidly. Microfluidicsbased chemical reactors offer solutions for these challenges, including the means for rapid online assays and quality control of the radiolabeled products. Assemblies of low cost, integrated systems that are prepackaged and sterilized for 'single use' will address the Good Manufacturing Practice need for providing material for administering to humans. These methodologies will require a shift from current practises, but it is encouraging to note that at the 2011 19th International Symposium on Radiopharmaceuticals a number of presentations were devoted to microfluidics chemistry. The development of this strategy and resolution of the challenges it encounters will require the attention of world's best chemists. Further, the practical application of microcyclotron and microfluidics to research will need the strategic integration of biology and chemistry input.
Expanding Positron Emission Tomography Applications and Encouraging New Expertize
A greater synergy between brain and out-of-brain imaging is required. Tools developed for one therapeutic area often have applications in another. For example, dopaminergic tracers such as [ 18 F]F-DOPA and [ 11 C]DTBZ are under investigation as tools to detect insulin producing cells in the pancreas (Kapoor et al, 2009; Souza et al, 2006) , while oncology targets such as Akt have been found to be of interest in the transduction of G-protein coupled receptor neurotransmission in the brain (Beaulieu et al, 2005) . This methodological crossfertilization can only benefit the PET field as a whole.
An education and training strategy to increase the critical mass of informed practitioners and hence the 'culture' would be to develop the application of PET across internal medicine. The case for this was revealed in a recent survey across a major Academic Health Science Centre in the UK, which focused on identifying potential future clinical research applications. The results showed that there is an unmet need to address major clinical research questions that could be approached with PET. These were found to cluster around the topics of inflammation, infection, peptides, and stem cell therapy. Diseases identified that could be gainfully researched with PET included: chronic obstructive pulmonary disease, asthma, rheumatoid arthritis, atheroma, diabetes, renal disease, tuberculosis, hepatitis, and HIV (Jones and Long, personal communication) . The 'wish list' of imaging biomarkers proposed to meet these needs focused on 'biological' macromolecules especially those involving antibody scaffolds. Although such biomarkers have limited interest for the brain, they may be of interest to delineate brain endothelial function and intravascular pathology, such as atheroma. Conversely, there is a case for developing macromolecule-based tracer methods to quantify transient opening of the BBB given the hypothesized role this has in neuroinflamation. Generic radiolabeling of macromolecules with carbon-11, fluorine-18, or gallium-68 may enable a wide repertoire of biomarkers to be developed simultaneously and rapidly. Were the applications of PET to be broadened across internal medicine, PET centers would become more cost effective by extending their scientific collaborative and user base. This would benefit brain PET by increasing the pool of PET active chemists and biologists and the expertize in quantitative data analysis and interpretation. Neuroscientists also need to be encouraged to the brain PET field. Given the relative maturity of the field and its wider application, such a revival would be reinforced by the pharmaceutical and the health care industries as they seek evidence-based data on the efficacy of new therapeutics.
Discussion
The journey of brain PET over the past 35 years shows significant advances in methodology, including tomographs, cyclotron technologies, the discovery of tracers and ligands, radiolabeling of imaging biomarkers, and PET data processing and analysis. An overview of the achievements of brain PET studies shows that there have been a significant number of impacting and concept changing results across a range of important human brain disorders. However, current brain PET research activity is not commensurate with its full potential in translational experimental medicine or health care. The reasons for this have been outlined, but high on the list is the lack of access to this specialized methodology. To invigorate the field, it would be appropriate that bodies like the ISCBFM derive a consensus on areas of clinical neuroscience that could benefit from future brain PET-based research and development. The opportunity for greatly improving access to cyclotron and radiolabeling facilities has been identified and novel developments in low cost, low powered microcyclotrons and microfluidics chemistry may provide such opportunities. Improved access to the field for the international community of chemists and biologists will aid the development of future biomarkers. The possibilities for locating microcyclotron and microfluidics facilities in neurology or psychiatric departments as well as in the pharmaceutical industry could become a reality and with it enhanced exploitation and impact of brain PET research.
The importance of the traditional 'big science' multidisciplinary PET centers cannot be overestimated. These remain the custodians of the cross-disciplinary approach, which is essential for future PET developments. Such centers, encompassing physics, chemistry, biology, biomathematics, and clinical aspects of PET, offer multidisciplinary cross-fertilization and the ability to undertake complex paradigms and protocols, and could provide the necessary expertize to support the development of new applications of PET. Such facilities are expensive to maintain, but are needed to ensure that developments in individual disciplines are undertaken in the context of producing advances in the field as a whole. We would like to propose that a limited number of national and international centers of excellence are established and maintained to have a coordinating role for smaller satellite centers. An ongoing dialog is envisaged between the 'big science' centers and the operationally minimalistic brain PET facilities. Novel and complex protocols could be undertaken in the larger groups, with the aim of providing validated simplified procedures that could be translated to the satellite centers. Such 'big science'/satellite center relationships could traverse international boundaries. This would maximize both ends of the brain PET spectrum and help to justify the funding of the expensive to maintain 'big science' facilities. Importantly, it would realize the full potential of the expertize that has been developed over the past 35 years, which is primarily confined to the relatively few and alarmingly declining 'big science' PET centers. If these developments were to happen, the remaining challenge will be to attract the next generation of neurologists, psychiatrists, neurobiologists, and drug developers to commit themselves to this reinvigorated, reemerging speciality, stimulated by the current inertia for more translation from bench to bedside and evidence-based studies on therapeutic efficacies. Finally, the widespread application of oncology PET and MRI is due to their clinical utility. Hence, such a clinical translation for brain PET would certainly help reinvigorate the speciality. Here, the introduction of amyloid plaque imaging may be such an example of a future routine daily clinical use.
Conclusion
Significant advances have been made in brain PET methodologies and its application has gained impacting results in a range of brain disorders, normal brain physiology, and drug development. However, despite its unique strengths and in view of the present needs in translational experimental medicine, PET is currently not achieving its full potential in brain research. Reinvigoration of the field based on major clinical research and health-care questions, along with projected advances in radionuclide production, radiochemistry, and radioligand development would enable brain PET to fully contribute toward beneficial research of the human brain.
